Later menopause is a risk factor for breast and endometrial cancer, yet few studies have investigated dietary predictors of this potentially modifiable event. In particular, dairy contains hormones and growth factors that could potentially affect menopausal timing. We therefore assessed the association between regular consumption of dairy foods and related nutrients and age at natural menopause. We conducted a prospective analysis with up to 20 y of follow-up in 46,059 participants in the NursesÕ Health Study who were premenopausal in 1980. We observed 30,816 events of natural menopause over 401,754 person-years. In the total population, the estimated mean age at natural menopause was 51.5 y for women who consumed no low-fat dairy and 51.5, 51.6, 51.7, and 51.8 y for women who consumed 0.1-1.0, 1.1-2.0, 2.1-3.0, and >3 servings of low-fat dairy daily, respectively. Premenopausal women <51 y of age consuming >3 servings of low-fat dairy per day were 14% less likely (HR: 0.86; 95% CI: 0.77, 0.96; P-trend < 0.0001) to report natural menopause in the next month relative to those consuming 0.1-1 servings/d. Similar results were obtained for skim milk (for >6 servings/wk vs. 0-1 servings/mo: HR: 0.93; 95% CI: 0.89, 0.97; P-trend < 0.0001) but not for total high-fat dairy or whole milk. Dairy foods were not associated with age at menopause among women $51 y of age.
Introduction
The mean age at natural menopause, the permanent cessation of menstrual periods, in the United States is between 50 and 51 y (1, 2) . Later menopause is protective against cardiovascular disease (3) and osteoporosis (4) but positively associated with development of breast (5) and endometrial cancer (6) . Moreover, earlier age at menopause may be positively associated with allcause mortality (7, 8) . Many behavioral and socioeconomic factors appear to influence menopausal timing (1); however, despite the potential for foods and nutrients to alter the hormonal milieu, few studies have assessed dietary predictors of natural menopause. Dairy foods, especially milk, are of particular interest, because steroid hormones and growth factors are endogenous to cow milk (9, 10) and may retain bioactivity after ingestion (11) . Furthermore, epidemiologic studies have linked milk consumption to elevated plasma concentrations of estradiol (12) and insulinlike growth factor I (IGF-I) 8 (13) (14) (15) (16) . The decline in estrogen beginning around 2 y before the final menstrual period has been well documented (17, 18) . Endogenous estrogen concentrations before and during this period may be affected by dairy consumption.
To our knowledge, 6 studies have prospectively investigated diet and age at natural menopause (19) (20) (21) (22) (23) (24) , only 2 of which examined dairy consumption (22, 24) . In a cross-sectional analysis of the Japan NursesÕ Health Study, more frequent milk and dairy consumption was associated with a reduced likelihood of early menopause (24) ; however, important details about this unpublished work are unknown. In the EPIC (European Prospective Investigation into Cancer and Nutrition) cohort in Heidelberg, baseline dairy consumption was not associated with incidence of menopause, after adjusting for total energy intake and other predictors of natural menopause (22) . Individual assessment of low-and high-fat dairy was not performed but may be warranted. Steroid hormones, including estrogen, are lipophilic; however, conjugated estrogens, which comprise up to 98% of estrogen found in dairy products, partition into the aqueous component (9) . Hence, the association between dairy consumption and natural menopause may depend on the fat content of the dairy consumed. We predicted that consumption of low-fat dairy foods may elevate circulating estrogen concentrations, supporting periodic menstrual bleeding and resulting in a later age at menopause.
We examined intake of dairy foods, including total high-fat dairy, total low-fat dairy, skim and whole milk, and related nutrients, including dairy fat, dairy protein, calcium, vitamin D, and lactose, in relation to age at natural menopause in a large cohort of women with up to 20 y of follow-up.
Participants and Methods
Study population. The NursesÕ Health Study (NHS) is a prospective cohort study initiated in 1976, when 121,700 married, female nurses, aged 30 to 55 y, responded to a detailed baseline questionnaire on medical, lifestyle, and other health-related information. Follow-up questionnaires were mailed biennially to update information on risk factors and newly diagnosed diseases. The NHS was approved by the institutional review board of the Brigham and WomenÕs Hospital (Boston, MA).
Follow-up for the present study began in 1980, when diet was first assessed, and ended in 2000, when age at menopause was ascertained for the final time. For this analysis, women were included if they had <10 total missing food items, total energy intake of 500 to 3500 kcal/d, and no diagnosis of cancer by 1980. After further restriction to women who were premenopausal at baseline and reported at least 1 status update during the study period, 46,059 women were eligible for analysis.
Dietary assessment. Diet was assessed by using a self-administered semiquantitative FFQ, which was administered in 1980, 1984, 1986, 1990, 1994, and 1998 . In 1980, the FFQ consisted of 61 food items. The 1984 FFQ was expanded to include 126 foods plus vitamin and mineral supplements; 1986, 1990, 1994, and 1998 questionnaires were similar to the 1984 FFQ. Participants were asked, on average, how frequently they consumed a typical portion size of specified foods over the past year. Nine possible frequency responses were available for each food, ranging from never to >6 times/d. Total dairy was calculated as the sum of the following: skim and low-fat milk, whole milk, yogurt, cottage cheese, sherbet, cream, sour cream, ice cream, cream cheese, and other cheese. The low-fat dairy food category was calculated by summing intakes of skim (nonfat) and low-fat milk, yogurt, cottage cheese, and sherbet; the high-fat dairy food category included whole milk, cream, sour cream, ice cream, cream cheese, other cheese, and butter. Red meat included beef, pork, lamb, and hamburger. If a food item was left blank, consumption was set to zero (25) .
Dietary nutrient intakes were calculated by multiplying the frequency of consumption of each unit of food by the nutrient content of the specified portions and summing across all foods. Nutrient composition values for each food were obtained from the USDA and other sources (26) . Total nutrient intake was calculated in a similar manner; however, intake from vitamin and supplement use was also included. To calculate dairy fat and dairy protein, foods in the dairy group, as well as dairy ingredients in other foods, were considered. Total energy intake was calculated from all foods. To reduce extraneous variation in nutrient intake, nutrients were energy-adjusted by using the residuals from the regression of nutrient intake on total energy intake (27) .
The validity of the 61-item FFQ was assessed among a sample of 173 NHS participants by comparing intakes assessed using the FFQ to the mean intake assessed using four 1-wk diet records (28, 29) . Deattenuated correlation coefficients between the FFQ and the mean intake assessed by the diet records were 0.81 for skim and low-fat milk, 0.62 for whole milk, 0.94 for yogurt, 0.73 for ice cream, 0.80 for cottage cheese, and 0.57 for other (hard) cheeses (28) . After a comparison of intake from the 1986 FFQ and two 1-wk diet records in 191 women, the deattenuated correlation coefficient for calcium was 0.75 (29) .
Assessment of menopausal status and age at menopause. Menopausal status, defined here as the permanent cessation of menses, was self-reported at baseline in 1976 and biennially thereafter. Women who reported menopause were further queried on age at menopause (y) and type of menopause (natural menopause, surgical, radiation, or chemotherapy). The midpoint of the reported age at menopause was used in analyses. For this analysis, we defined surgical menopause as unior bilateral oopherectomy and/or hysterectomy or menopause resulting from radiation/chemotherapy. To reduce misclassification, we used only the first reported age at natural menopause.
Self-reported menopausal status was validated among a random sample of women in this cohort who reported surgical menopause between 1982 and 1984 by comparing self-reported hysterectomy and/or ovarian surgery with medical records (30) . There was complete concordance between self-report and medical records for all but 2 out of 200 women. The reproducibility of self-reported natural menopause was assessed by comparing reported menopausal status, age at menopause, and type of menopause between the 1978 and 1980 questionnaires. More than 98% of women who reported being postmenopausal on the 1978 questionnaire also reported being postmenopausal on the 1980 questionnaire. Among women reporting natural menopause, 82% reported their age at menopause to within a year of their previous report; within-person variation increased with age since menopause.
Assessment of nondietary factors. Information on nondietary predictors of age at natural menopause was collected on the 1980 questionnaire and updated whenever possible by using data from follow-up questionnaires. Age was calculated by subtracting the participantÕs reported date of birth from the questionnaire return date. Age at menarche and height were assessed in 1976. Marital status was assessed in 1980, 1992, and 1996. Information on parity and age at first birth was assessed at baseline and updated every year until 1984; in 1996, women were asked to report their lifetime pregnancy history. We collected data on oral contraceptive (OC) use, which was reported until 1984. Information on smoking habits and body weight were assessed at baseline and biennially thereafter. Updated BMI (kg/m 2 ) was calculated by using weight reported at each cycle and height in 1976. Between 1980 and 1982, vigorous activity was defined as the weekly time engaged in activity sufficient to work up a sweat; for 1986 and beyond the mean weekly moderate to vigorous activity was calculated by summing the mean number of hours per week spent participating in 7 common leisuretime physical activities such as brisk walking, running, jogging, swimming, and tennis.
Statistical analysis. We used Cox proportional hazards regression to estimate HRs and 95% CIs for the association between cumulative averaged dairy consumption and the event of natural menopause for women ages 32.5-60.5 y. All analyses used a time scale of calendar time in months; person-months were calculated for participants from the time at the return of the 1980 questionnaire to the time at natural menopause, report of surgical menopause, death, June 2000, or, if they were lost to follow-up, the date of the last returned questionnaire, whichever came first. Women who reported menopause but who failed to report type of menopause were censored, as were women with missing menopausal status. All analyses were stratified by age in months and questionnaire cycle, making the time scale equivalent to age in months.
Cumulative averaged consumption of total dairy, total low-fat dairy, total high-fat dairy, skim milk, and whole milk was calculated by using data collected between 1980 and the questionnaire before natural menopause. For example, the incidence of natural menopause from 1980 through 1984 (reported on the 1982 and 1984 questionnaires) was related to intake from the 1980 questionnaire, and the incidence of natural menopause from 1984 to 1988 (reported on the 1986 and 1988 questionnaires) was related to the mean intake from the 1980 and 1984
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by guest on October 21, 2017 jn.nutrition.org questionnaires. Questionnaires ascertained typical diet and attainment of natural menopause over the previous year; thus, relating menopause to diet reported on the previous questionnaire was necessary to minimize reverse causation. To reduce the impact of outliers and to avoid misclassification of dairy consumption, cumulative averaged consumption was categorized into 5 groups and modeled by using indicator variables. To aid interpretation, consumption of total and individual dairy foods was reported in units of servings per day or week. For tests of linear trend across categories of dairy consumption, we assigned the median value to each category and modeled the values as a continuous variable. The proportional hazards assumption was tested by using a likelihood ratio test comparing a model with cross-product terms for continuous age in months and the indicator variables for the exposure to the model containing the main effects only. The proportional hazards assumption was violated in the total cohort; therefore, we stratified all models by age at questionnaire return ($51 and <51 y). This cutoff was chosen because it represents the median age at natural menopause in the cohort.
To explore whether dietary calcium explained any of the association between dairy consumption and natural menopause, we examined the association between dairy and age at natural menopause after adjustment for calcium. Similar models were constructed for other nutrients of interest. We conducted sensitivity analyses in which the exposure was classified in 2 additional ways: 1) baseline (1980) diet and 2) diet from 1980 to 1998 using simple updates. Similar results were obtained using each approach; only results for cumulative averaged diet are presented, as this method reflects long-term dietary intake and reduces measurement error due to within-person variation over time (31) . OC use during the perimenopausal period may prolong menstrual bleeding, resulting in misclassification of menopausal status; therefore, we repeated analyses after excluding women who reported OC use at any point during the study period. Some studies (20, 32) , but not all (33) , suggest that heavier women experience later natural menopause, so we also investigated whether associations differed by BMI (<25, 25-29.9, $30 kg/m 2 ) at the time of questionnaire return.
Skim milk and low-fat dairy were similarly correlated with individual nutrients: skim milk and dairy protein, r = 0.63; low-fat dairy and dairy protein, r = 0.73; skim milk and dairy fat, r = 0.06; low-fat dairy and dairy fat, r = 0.10; skim milk and dietary calcium, r = 0.71; low-fat dairy and dietary calcium, r = 0.73; skim milk and dietary vitamin D, r = 0.68; low-fat dairy and dietary vitamin D, r = 0.63; skim milk and lactose, r = 0.69; and low-fat dairy and lactose, r = 0.66.
The following variables were chosen for inclusion in multivariate models on the basis of their potential associations with natural menopause: age at menarche (<10, 10-12.9, 13-14.9, $15 y), age at first birth and parity (nulliparous, <25 y and 1 or 2 children, <25 y and >2 children, $25 y and 1 or 2 children, $25 y and >2 children), hours per week of moderate to vigorous activity (quintiles), height (quintiles), BMI (<21, 21-22.9, 23-24.9, 25-29.9, $30 kg/m 2 ), OC use (never; current user; former user, <5 y; former user, $5 y), smoking (never; former; current, 1-14 cigarettes/d; current, 15-24 cigarettes/d; and current, $25 cigarettes/d), marital status (married or not married), total energy (kcal/d, continuous), red meat consumption (0, 0.1-1, 1.1-2, 2.1-3, >3 servings/d), and egg consumption (0-1/mo, 1.1/mo-2/wk, 2.1-4/wk, 4.1-6/wk, >6/wk). The missing indicator method was used for covariates with missing data.
Additionally, we estimated multivariable-adjusted mean age at natural menopause in the interval between 33.5 and 60.5 y by using baseline survival probabilities (Supplemental Methods).
Statistical tests were 2-sided and performed at the 0.05 level of significance. We used SAS (version 9.2; SAS Institute) for all analyses.
Results
Of the 121,700 women enrolled in the NHS, 46,059 were premenopausal at baseline and met other eligibility criteria. Over a total of 401,754 person-years of follow-up, two-thirds (n = 30,816) of women reported their age at natural menopause, 13% (n = 6069) reported their age at surgical menopause, 2% (n = 1051) remained premenopausal at the end of follow-up, 1%
(n = 447) died during the study period, and the remaining 17% was censored for reasons including incomplete data on age at or type of menopause (n = 7676). Women reporting natural menopause were followed for a mean of 8.5 y and had a median unadjusted age at natural menopause of 51.5 y. Among women who remained premenopausal in 1990, those consuming >3 servings of total dairy per day were more likely to have children and, among parous women, had more children relative to women consuming no dairy ( Table 1) . Women consuming greater amounts of dairy foods also reported a higher energy intake, were less likely to be smokers, and engaged in more physical activity than those reporting the lowest intake of dairy foods.
Overall cohort. In the overall cohort, higher intake of low-fat dairy, skim milk, dairy protein, dairy fat, vitamin D, and lactose predicted a later age at natural menopause. For example, women consuming >3 servings of low-fat dairy daily reported reaching natural menopause 3.6 mo later than those consuming no lowfat dairy (estimated mean age at natural menopause: 51.8 vs. 51.5 y) ( Table 2 ). However, the proportional hazards assumption was violated for several exposures. Therefore, all additional analyses were stratified by age at questionnaire return (<51 or $51 y).
Women aged <51 y at the time of questionnaire return. Among women <51 y of age (accruing 16,557 events over 357,498 person-years), more frequent consumption of low-fat dairy and skim milk, but not high-fat dairy or whole milk, predicted a later age at natural menopause (i.e., a lower rate of natural menopause). Specifically, premenopausal women who consumed >3 servings/d of low-fat dairy were 18% less likely (HR: 0.82; 95% CI: 0.73, 0.91; P-trend < 0.0001) to report natural menopause in the next month relative to those consuming 0.1-1 servings/d of low-fat dairy, holding total energy constant ( Table 3) . Multivariable analyses yielded similar effect estimates (HR: 0.86; 95% CI: 0.77, 0.96; P-trend < 0.0001). Frequency of skim milk consumption also predicted a later age at natural menopause (for 0-1 servings/mo of skim milk vs. >6 servings/wk-HR: 0.93; 95% CI: 0.89, 0.97; P-trend < 0.0001).
Intake of dairy protein, dairy fat, and lactose, but not total calcium or vitamin D, also predicted a marginally later age at natural menopause (i.e., a lower rate of natural menopause) ( Table  4) . Relative to those in the lowest quintile of dairy protein intake, premenopausal women in the highest quintile of intake were 9% less likely (HR: 0.91; 95% CI: 0.86, 0.95; P-trend < 0.0001) to reach natural menopause in the next month, holding covariates constant (adjusted for total energy only-HR: 0.88; 95% CI: 0.84, 0.93). Corresponding figures were 0.94 for dairy fat (95% CI: 0.89, 0.99; P-trend: 0.02) and 0.92 for lactose (95% CI: 0.87, 0.97; P-trend: 0.0004) (adjusted for total energy only-HR for dairy fat: 0.95; 95% CI: 0.90, 1.00; HR for lactose: 0.91; 95% CI: 0.86, 0.95).
Women aged $51 y at the time of questionnaire return. Among women $51 y (accruing 14,259 events over 44,256 person-years), dairy foods and nutrients did not predict age at natural menopause. Sensitivity analyses. To explore which, if any, component of dairy might explain the association between low-fat dairy and natural menopause observed among women <51 y of age, nutrients were individually added to the original fully adjusted model (model 2). For models including lactose, dairy fat, or dairy protein, the association between low-fat dairy and natural menopause was attenuated but generally retained significance (P-trend: 0.007, <0.0001, and 0.03, respectively), suggesting that the observed association was attributable to a component of milk other than these nutrients. When the association between skim milk and natural menopause was examined in a corresponding fashion, HRs were similarly attenuated (P-trend: 0.01, <0.0001, and 0.08, respectively).
We also assessed whether findings persisted after restriction to the 40,684 women who did not report menopause during their first year in the study or the 45,973 women who never reported using OCs during follow-up. Results were not materially different in either of these subpopulations (data not shown). Effect estimates were materially unchanged after consideration of crude fiber intake (data not shown). Finally, results were not modified by overweight or obesity status (data not shown).
Discussion
In this prospective study of dairy consumption and age at natural menopause, more frequent consumption of total low-fat dairy and skim milk, but not high-fat dairy or whole milk, predicted a modest delay in natural menopause among women aged <51 y. One potential biological rationale for these findings is that consumption of low-fat dairy may increase circulating estrogen concentrations, delaying natural menopause. However, although we collected data on and adjusted for many potential confounders, observed effect estimates were modest and compatible with residual confounding.
Biological mechanism. Cow milk contains various estrogen metabolites, including 17b-estradiol, estrone, and estriol (9), 80-98% of which are present in their conjugated form (9, 34) . Estrone sulfate and other conjugated estrogens are hydrophilic (unlike lipophilic free estrogens) and might therefore be expected to be present in the highest concentrations in low-fat dairy products, including skim milk (9) . However, studies relating estrogen concentrations and dairy fat content in dairy foods have yielded mixed results (9, 34, 35) . Conjugated estrogens bypass first-pass hepatic metabolism, and are therefore considered to be the most biologically relevant in the context of oral administration (36) . The bioactivity of orally administered conjugated estrogens is demonstrated by the effectiveness of OCs and hormone replacement therapy.
Limited evidence supports the hypothesis that frequent consumption of milk increases circulating estrogen concentrations. In rats, plasma estrone sulfate concentrations were 29% higher in animals fed low-fat milk compared with those fed a macronutrient milk substitute (37) . Similarly, dairy consump- tion has been positively related to total and free estradiol concentrations in postmenopausal women (12) . In a crosssectional analysis of NHS participants, total and free estradiol concentrations were positively associated with the Western pattern, a dietary pattern characterized by consumption of highfat dairy and red and processed meats, as well as refined grains, sweets, and desserts (38) . Serum estradiol concentrations did not differ by treatment status in an 18-mo intervention in which 12-y-old girls were randomly assigned to receive 568 mL (1 pint) of whole or reduced-fat milk per day or a usual diet (39) . However, ovarian production of estrogens is relatively high in this group, and circulating estrogen concentrations would therefore be more tightly regulated than in a population of older females, in whom peripheral estrogen production is more abundant. Although these studies suggest that, in certain populations, milk consumption may increase circulating estrogen concentrations, whether the magnitude of this increase is sufficient to stimulate menstruation is uncertain. On the basis of this evidence, we expected consumption of dairy, and, in particular, low-fat dairy foods, to increase estrogen concentrations, postponing menopause. Associations between low-fat dairy, skim milk, and natural menopause could not be fully explained by intake of dairy protein, dairy fat, or lactose. This is compatible with the hypothesis that a nonnutrient component of dairy foods accounts for the observed associations with age at natural menopause. The observed association between skim milk, low-fat dairy, and natural menopause was restricted to women aged <51 y at the time of questionnaire return. This suggests that only younger women may be susceptible to dairy consumption, possibly because menopause has already been initiated to an irreversible degree in older women.
Dairy contains other hormones and nutrients that may influence timing of natural menopause, and we considered several alternative hypotheses related to these possible mechanisms. We hypothesized that dairy consumption may predict earlier natural menopause because galactose, a lactose metabolite, has been posited as an ovarian toxin. Women with galactosemia experience early menopause (40) and women with low activity of galactose-1-phosphate uridyl transferase, an enzyme responsible for galactose metabolism, may reach menopause earlier than women with normal enzyme activity (41) . However, we observed only positive associations between dairy foods and related nutrients, including lactose, and age at natural menopause. Frequent dairy consumption is also associated with a 10-20% increase in circulating IGF-I concentrations (13) (14) (15) (16) , which could possibly stimulate the ovaries, postponing natural menopause. Circulating IGF-I concentrations decrease with age and may be involved in the menopausal transition, as suggested by studies in rats, in which decreased IGF-I signaling leads to disrupted surges in luteinizing hormone similar to that observed during reproductive senescence (42) . However, the relation between IGF-I and natural menopause is still unclear. Additionally, intake of an unidentified component of low-fat dairy may increase the frequency of anovulatory menstrual cycles (43), a hypothesized predictor of later age at natural menopause (44) . Last, our results could be explained by a dietary pattern characterized by frequent consumption of low-fat dairy.
Strengths and limitations. Major strengths of this study include the prospective design as well as detailed collection of dietary information using previously validated questionnaires. Dietary recall on FFQs is subject to both within-and betweenperson errors. Calculation of cumulative averages can reduce measurement error due to within-person variation (29) , but findings were materially unchanged when we instead examined baseline or recent diet. We observed large variation in total energy, which likely resulted in part from the under-or overreporting of dietary intake by some women. We accounted for this by adjusting for total energy intake (29); however, systematic under-or overreporting of dairy foods may remain. We related natural menopause to diet averaged over the preceding questionnaire cycles, making it unlikely that menopausal status influenced dietary reporting. Exposure misclassification unrelated to age at menopause likely resulted in slightly attenuated findings.
Misclassification of the outcome was minimized by using only the first reported age at menopause and by collecting data every 2 y. Thus, reporting errors in age of menopause are expected to be nondifferential with respect to dairy consumption.
NHS participants are not a random sample of the general United States population, but our results are likely widely generalizable because the biological mechanisms of interest are unlikely to differ between our population and other women in the United States or elsewhere. Moreover, circulating estrogen concentrations are likely to vary with body size (45), activity (46) , dietary composition (38) , and other factors (47) . The women in our study reported considerable variability in these and other characteristics, supporting the generalizability of our findings to women with a range of circulating estrogen concentrations. The unweighted median age at natural menopause was 51.5 y, which is later than those calculated in other populations, especially after accounting for differences in definition of menopause (1) . The baseline exclusion of women who had already experienced menopause likely resulted in a slight upward bias in reported age at natural menopause; however, this would not affect the validity of our reported effect estimates.
In conclusion, our findings suggest that women <51 y of age who frequently consume low-fat dairy and skim milk experience a slightly later natural menopause relative to women consuming these items less frequently. A 1-y increase in age at natural menopause has been found to predict a 2.5% increase in risk of breast cancer (48) ; therefore, the modest observed effect estimates we report are unlikely to be of clinical significance. However, our results are consistent with a growing body of literature supporting the hormonally active nature of milk and other dairy foods (49) . Continued research on the health consequences of dairy consumption is especially critical in light of the current Dietary Guidelines for Americans recommendation of $3 servings of low-fat dairy per day (50). 2 Calculated by using the median of each category as a continuous term. 3 Total calcium and vitamin D include intake from food and supplements.
